Introduction

HIV is an infectious retrovirus that targets host immune cells, primarily CD4
þ T-lymphocytes and macrophages, and in its terminal stage manifests as AIDS. Prior to antiretroviral therapy (ART) intervention in the mid1990s, HIV-infected individuals because of their immunocompromised state had a poor prognosis and mortality was high mainly due to opportunistic pulmonary infections [1] . Now, decades into the ART era, and with improved and combined pharmacological drug combinations leading to HAART, the clinical attention of HIV-infected individuals has shifted from a once acute terminal diagnosis to a chronic disease with significantly improved life expectancy and better quality of life [2] . According to the Center for Disease Control and Prevention (CDC), more than 50% of the HIV-infected population in the United States were 50 years of age or older in 2015, and this number is estimated to increase to 70% by the year 2030 [3] . However, this improved lifespan in this population has now given rise to an increased incidence of chronic noninfectious comorbidities [4] [5] [6] [7] [8] [9] . With an increasingly older HIV/AIDS population, a multitude of prominent noninfectious pathologies of the pulmonary and cardiovascular system has emerged. Among the most prevalent are pulmonary arterial hypertension (PAH), chronic obstructive pulmonary disease (COPD), and non-AIDS-defining cancer, specifically of the lung [10] .
Of these, PAH is among the most devastating and lifethreatening noninfectious complication [10] . PAH is a Group 1 subclassification of pulmonary hypertension (PH) [11] which includes development of PH due to HIV infection, drugs/toxins, congenital heart diseases or idiopathic PAH (IPAH). PH caused due to secondary complications such as COPD, sleep apnea and hypoxia is classified as Group 2, and PH associated with cardiovascular complications such as cardiomyopathies and left ventricle systolic/diastolic dysfunction is listed under the Group 3 class of PH. Pulmonary hypertension involves arteriopathy and occlusion of the pulmonary vasculature leading to right ventricular hypertrophy (RVH), and eventually progression to right heart failure (RHF) and death [12] [13] [14] . PH is defined by a hemodynamically assessed mean pulmonary arterial pressure (mPAP) of at least 25 mmHg at rest with a pulmonary capillary wedge pressure (PCWP) less than 15 mmHg [15] , and a pulmonary vascular resistance (PVR) of more than 3 Wood Units [11, 16] . Symptomatic patients generally present with fatigue, dyspnea upon minimal exertion and edema of the lower extremities, although other symptoms can be present, such as syncope, chest pain and nonproductive cough [2, 14] . However, depending on PH severity, patients can be symptomatic or asymptomatic.
Multiple investigators have established the role of HIV-1 in the pathogenesis of PAH [11, [17] [18] [19] [20] . The survival rate among HIV-patients has substantially increased in the ART era compared to pre-ART era [20] [21] [22] [23] . Reports suggest that, even in well managed HIV-infected patients, PAH can manifest anytime in this population with unfortunate rapid progression and mortality [22] . Many studies report the CD4 þ count to be significantly predictive of survival [21, 22] and death [20] of HIV-PAH [24] patients. However, whether the CD4 þ cell count is an independent risk factor for PAH still needs to be established. A recent report by Quezada et al. [13] discovered that a detectable viral load is independently associated with HIV-PAH diagnosis upon multivariate analysis (OR 3.3; 95% CI 1.04-10; P ¼ 0.04) [13] . Importantly, an independent relationship between PAH and exposure to drugs of abuse has also been established [25, 26] . Patients who abuse illicit drugs such as stimulants (cocaine, methamphetamine) and opioids (morphine, heroin) are at increased risk for HIV infection, and substance use is known to potentiate the development of HIV-related complications including HIV-PAH. Taken this prominent use of illicit drugs in the HIV-positive population into account, our laboratory has taken these two independent risk factors into consideration and extensively investigated the potential link between HIV-PAH and intravenous drug use (IVDU), with a particular interest in the mechanistic role in the pathogenesis of PAH [27] [28] [29] [30] [31] [32] [33] [34] .
Although the second-hit of bacterial or parasitic infections [35, 36] and changes in the immune-genetic profile [37] has also been implicated in the pathogenesis of HIV-PAH, this review will focus on the epidemiology of PAH in HIV-infected individuals who abuse illicit drugs. Furthermore, this review will outline the current mechanistic understanding of the exacerbating effect of HIV-associated viral proteins and common drugs of abuse on the pulmonary vasculature and highlight their molecular role in the development of angio-obliterative endothelium and vascular smooth muscle dysfunction.
Epidemiology of pulmonary arterial hypertension in HIV-infected and intravenous drug users
Prior to and after the introduction of ART, it had been assessed from cohort studies that an average of one in 200 HIV-infected individuals develop HIV-PAH compared with IPAH, which has an incidence of 5.9 patients per million in the general population [2, 14] . However, more recently, multiple studies reported the prevalence of HIV-PAH to be higher than originally established with reports ranging from 2.6% to 15.5% of HIV-infected patients [18, [38] [39] [40] [41] [42] [43] [44] [45] regardless of the route of infection.
More importantly, PAH has emerged as a concerning comorbidity in the HIV-infected individuals who are illicit drug users (Table 1 ). In addition to numerous cohort, case series, and case-control studies investigating HIV-PAH, multiple case studies report the use of illicit drugs as a major risk factor of HIV infection in HIVpositive patients diagnosed with pulmonary hypertension [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . Furthermore, systematic reviews of HIV-PAH studies by Mesa et al. [46] , Mehta et al. [48] , and Janda et al. [65] report IVDU to be a risk factor for HIV infection in 42%, 58%, and 49% of PAH diagnosed individuals, respectively.
Among the earliest cases of HIV-1 related PH reported by Himelman et al. [50] , three of the six patients that developed RVH and RHF were IVDUs but in the setting of pulmonary infections. Later, a prospective study in Switzerland investigating PAH in HIV-infected individuals reported an overall prevalence of 0.5% in patients presenting with and without cardiopulmonary complications [66] . Of those with cardiopulmonary complaints, a risk factor for HIV infection in 28.3% of infected patients was intravenous (IV) drug abuse [66] . Furthermore, 83.3% of those HIV-infected patients diagnosed with PAH were IVDUs [66] . Prior to the introduction of ART, a study by Petitpretz et al. [23] reported that 60% of enrolled patients diagnosed with HIV-associated PAH were IV heroin abusers. Shortly after the introduction of ART, a study by Opravil et al. [20] compared HIV-PAH patients to matched HIV-infected controls without PAH from the Swiss HIV Cohort study and reported a 0.57% incidence of PAH. In addition, this same study reported IVDU as the greatest risk factor for HIV infection in 84.2% of HIV-infected individuals diagnosed with PAH [20] . Again, in a case series by Nunes et al. [21] , the leading risk factor for HIV infection was IVDU, accounting for 59% of HIV-PAH patients in their cohort. Furthermore, two studies in 2004 by Ghofrani et al. [67] and Zuber et al. [68] reported IVDU as the most common risk factor for HIV infection with 62.5% and 70% of HIV-PAH patients, respectively, being IVDUs in these studies. In another small cohort of HIV-infected patients diagnosed with PH, 90% were IVDUs, specifically reporting intravenous heroin abuse, with one individual reporting both heroin and cocaine abuse [69] . Furthermore, in the post-HAART era, a large multicenter prospective cohort study in France reported a 0.46% prevalence of HIV-PAH in patients with unexplained dyspnea and found that 51% of patients diagnosed with HIV-PAH reported IVDU [70] .
A San Francisco-based prospective observational study [17] 
HIV-PAH in a retrospective cohort in France reported an 8.2% prevalence of HIV-PAH with IVDU to be the major risk factor for HIV infection in 36% of the overall HIV-PAH patients [22] . More interestingly, in this study, 57% of the HIV-PAH cases diagnosed with New York Heart Association (NYHA) stage IV PAH had IVDU as their major risk factor for HIV infection [22] . Mondy et al. [71] surveyed the cross-sectional Study to Understand the Natural History of HIV/AIDS in the Era of Effective Therapy (SUN Study), for cardiac abnormalities in asymptomatic HIV-infected individuals and found 57% to have a PASP more than 30 mmHg with 7% presenting with more than 40 mmHg PASP. In this study, among the HIV-infected individuals who underwent echocardiography, 30% reported either cocaine, heroin, or methamphetamine use or inhaled nitrite, with an additional 31% of participants reporting marijuana use [71] .
A study by Quezada et al. [13] investigating both symptomatic and asymptomatic HIV-infected individuals reported an overall PAH prevalence of 9.9%, with nearly 4% of those individuals diagnosed with moderate to severe PAH. This study also reported HIV transmission as a result of IVDU in 58.6% of patients diagnosed with PAH [13] . Additionally, univariate analysis indicated that HIV-infected individuals who were IVDUs were 3.7 times more likely to develop PAH than nonusers infected with HIV-1 (OR 3.7, 95% CI 1.71-8.16; P < 0.01) [13] .
Although the results of the multivariate analysis were not statistically significant (OR 1.6, 95% CI 0.3-5.5; P ¼ 0.07), the study supports the overwhelming predominance and clinical significance of PAH development in HIV-infected individuals who are IVDUs [13] .
Araujo et al. [72] in 2014 reported IVDU as a major risk factor (77.8%) for infection in HIV-PAH patients presenting with NYHA functional classes II-IV. Furthermore, the study by Rasoulinejad et al. [44] in the same year reported a greater than 35 mmHg PASP in 3% of HIV-infected patients in a cohort that had 50.5% IVDUs. Most recently, a prospective echocardiographic study by Schwarze-Zander et al. [73] reporting a 6.1% prevalence of PAH in asymptomatic HIV-infected individuals, concluded that HIV-infected patients with an IVDU history had an increased prevalence of HIV-PAH compared to HIVinfected individuals without PAH (P < 0.001).
Although not the focus of this review, differences in establishing the PAH diagnosis, for example with the help of transthoracic echocardiogram (TTE) when compared with the gold standard, right heart catheterization (RHC), may potentially contribute to differences in the HIV-PAH prevalence. Additionally, we emphasize that greater attention is needed to detect early PAH in asymptomatic patients.
In the general population, women have an increased incident of IPAH compared with men, with a ratio of nearly 4 : 1 [74] [75] [76] . However, HIV-PAH is more prevalent in men, especially in those who are IVDUs [46, 68] . According to the recent systematic review of HIV-PAH case studies by Janda et al. [65] , 59% of all the reported HIV-PAH cases were men. In addition, a recent study by Araujo et al. [72] that reported PAH in HIVinfected IVDUs had 11 men out of a total 18 HIV-PAH patients. One factor may be that men are more likely to partake in risky behavior such as IVDU, thus increasing their chances for HIV infection and subsequently exposure to known risk factors for PAH. Studies show that men less frequently visit healthcare providers for health concerns and, in HIV-infected patients, this results in prolonged elevated viral load levels before intervention and episodes of ART interruption in those already receiving treatment. One recent study highlighted this devastating association and found that HIV-infected individuals who were active IVDUs experience higher mortality rates due to poor viral management and ART interruption [77] . Nevertheless, the analysis of the Cardiovascular Diseases in HIV-infected Subjects (HIV-HEART) study by Reinsch et al. [39] , the multivariate analysis of an HIV-infected cohort in Spain by Quezada et al. [13] and the study by Schwarze-Zander et al. [73] report greater predominance of HIV-infected women with PAH.
Antiretroviral drugs and HIV-pulmonary arterial hypertension
Practice guidelines recommend that physicians offer ART to all HIV-positive individuals irrespective of their CD4 þ cell count and viral load. The HAART regimen combines a minimum of three antiretroviral agents. The most frequent HAART agents being used in viral replication management comprise various combinations of nucleoside and nucleotide reverse transcriptase inhibitors (NRTI), nonnucleoside reverse transcriptase inhibitors (NNRTI), protease inhibitors, and integrase strand transfer inhibitors. HAART combination efficacy differs from patient-to-patient and the clinician must consider any other patient comorbidities, such as PAH, in therapeutic management. However, if manageable viral load is not achieved with initial HAART combinations, other antiretroviral agents, including fusion inhibitors, CCR5 antagonist, and postattachment inhibitors, are available.
The role of HAART on PAH development, severity, and outcome in HIV-infected individuals remains controversial. Follow-up of HIV-patients diagnosed with PAH from the Swiss HIV cohort reported both ART (only NRTIs) and HAART to be independent predictors for decreased right ventricular systolic pressure-right atrial pressure (RVSP-RAP) pressure gradient [68] . In addition, they found that those who did not receive HAART had a 25-mmHg median increase in RVSP over RAP [68] , suggesting beneficial effects of HAART on HIV-PAH progression. A more recent study reported that HIVpositive individuals receiving NNRTIs had reduced occurrence of HIV-PAH than those not receiving NNRTI therapy but after adjustment for sex, duration of HAART, age, chronic hepatitis C virus (HCV) and viral load, no association was found between NNRTIs and PAH [13] . This study also found no association between NRTIs, protease inhibitors, and integrase inhibitors with PAH development [13] . Furthermore, another HIV-infected cohort analysis did not find HAART to decrease or prevent right heart pressures in HIV-PAH patients, but instead reported HAART to accelerate the development of HIV-PAH in two of the patients [7] . A study by Degano et al. [22] reported no significant association between hemodynamic changes, measured by RHC, in HIV-PAH patients receiving HAART; however, an improvement in the 6-min walk distance (6MWD) was observed in these patients [22] . On the contrary, analysis of the HIV-HEART study suggested HAART to be associated with increased onset of HIV-PAH in their cohort [39] .
Conflicting reports on the association between HAART and HIV-PAH are complexed by limitations in study design. Many are retrospective, observational studies in which some use RHC, and others use TTE, for PAH screening/diagnosis; TTE-based studies generally include asymptomatic HIV-PAH patients. Furthermore, HIV has a common mode of transmission with other viruses, such as hepatitis B virus (HBV) and HCV [78] , which may present further challenges in comparison between HIV-PAH cohorts and can increase complexity of the HAART combination efficacy, therapeutic management of PAH and potential unfavorable drug-drug interactions. In addition, Quezada et al. [13] reported coinfection of HIV and chronic HCV to be associated with HIV-PAH on multivariate analysis. As highlighted, multiple limitations and complex patient management hinder our current understanding and further studies are needed to see the direct effects of HAARTon HIV-PAH. However, ethical concerns limit conduction of a placebo-controlled, longterm, randomized trial to analyze the potential effect of HAARTon PAH development, severity and outcomes in the HIV-infected population [79] .
Overall, HIV-infected individuals who abuse illicit drugs are at increased risk for developing HIV-PAH and a detailed understanding of the underlying complex cellular mechanisms is pivotal. Steady progress has been made regarding identification of the unique role of HIV infection in the multifactorial changes associated with pulmonary arteriopathy and exacerbation of these changes in the setting of drugs of abuse as detailed in the next section [27] [28] [29] [30] [31] [32] 34] . Dating back to the first AIDS patient, RVH and intimal fibrosis of the pulmonary endothelium were described in HIV-infected patients [84] . Investigators subsequently made great efforts to identify HIV-1 particles, HIV-1 RNA or DNA in the pulmonary vessels of human lung tissues but were not successful [14, 85, 86] , therefore ruling out the possibility of productive virus replication in vascular cells [82, [87] [88] [89] . Studies in macaques infected with simian immunodeficiency virus (SIV) or chimeric simian-human immunodeficiency virus have also suggested the presence of pulmonary arteriopathy similar to that seen in HIV-infected individuals with HIV-PAH [90] [91] [92] , but without any evidence of the virus or viral DNA in pulmonary endothelial cells or SMCs [90, 91, 93, 94] . Subsequently, this has led to investigation of the role of HIV-associated viral proteins, rather than the nascent virus, in HIV-PAH pathogenesis. HIV-1 primarily infects macrophages and T cells in the lungs; thus, providing a potential source of localized HIV-viral proteins, such as trans-activator of transcription (Tat), negative regulatory factor (Nef), and glycoprotein 120 (gp120). Chronic exposure to these viral proteins can alter the normal homeostatic mechanism and subsequently propagate proliferative/apoptotic signaling cascades within SMCs and endothelial cells associated with vascular dysfunction.
Lund et al. [8] reported for the first time that HIVtransgenic (Tg) rats containing a gag-pol deleted NL4-3 provirus present with right ventricle (RV) wall thickening, thickened pulmonary arteries, and increased RVSP. These HIV-Tg rats express HIV-viral proteins in circulating monocytes and lymphocytes [95] , therefore providing a noninfectious model to study HIV-PAH. Later using this model, we suggested the association of enhanced vascular oxidative stress and expression of hypoxia-inducible factor (HIF)-1a and platelet-derived growth factor (PDGF)-BB expression with the significant medial thickening of pulmonary vessels and increased RV mass [33] . Porter et al. [96] reported elevated RVSP, RVH, increased vascular thickening and upregulation in lung HIF-1a expression in HIV-Tg rats when exposed to a second-hit of hypoxia.
Drugs of abuse like morphine/opioids, cocaine and methamphetamine have been described as a highly potential second-hit to viral proteins in triggering vascular injury and development of HIV-PAH [97, 98] . Nevertheless, isolated use of stimulants is also known to damage the parenchyma or pulmonary vasculature [26] and a subset of drug-abusing individuals end up developing PAH. In the United States, cocaine is one of the most popular drugs of abuse [99] and is known for its vasoconstrictive properties [100] . The incidence of PAH in former and current cocaine users has been reported in numerous studies [101] [102] [103] [104] [105] . Methamphetamine abuse has also been associated as one of the likely risk factors for PAH [106, 107] . The recent study by Zamanian et al. [108] demonstrates methamphetamine abuse as one of the definite risk factors in the development of PAH, although chronic exposure of rats to methamphetamine did not result in an increase in PAP or an increase in the Fulton index [109] .
More recently, we reported significant augmentation of pulmonary vascular remodeling supported by elevated mPAP and RVSP in HIV-Tg rats exposed to cocaine when compared with HIV-Tg rats or wild-type rats not treated with cocaine [28] . Furthermore, we also published findings utilizing a SIVmacR71/17-infected macaque model investigating the potential effect of viral proteins and opioids in the PAH pathogenesis [32] . SIVinfected macaques exposed chronically to morphine (SIV þ M) demonstrated an accentuated pulmonary vascular arteriopathy including the presence of advanced stage intimal and complex plexiform lesions due to enhanced proliferation of endothelial cells as observed in human patients with severe angio-proliferative PAH. Like most of the human studies, no correlation between CD4 þ /CD8 þ cell count and plasma viral load was observed with the severity of pulmonary vascular remodeling in these macaques.
Endothelial cell dysfunction and remodeling
The pathobiology of PAH is highly complex and involves multiple cellular pathways. Animal models demonstrate early endothelial injury and dysfunction to be the initial cellular event in PAH pathogenesis, subsequently leading to abnormal SMC proliferation/migration [80] . The interest of investigators has also been focused on pulmonary endothelial cell proliferation, which is responsible for the formation of angio-proliferative plexiform lesions, the histological hallmark of severe PAH [110] [111] [112] .
Multiple studies, including our own, have demonstrated the pulmonary vascular endothelium to be a major target for HIV-viral proteins such as Nef, gp120 and Tat, initiating endothelial injury and early apoptosis [32, 34, 91, [113] [114] [115] [116] [117] [118] . Exposure of pulmonary endothelial cells to HIV-Tat and gp120 results in an increased expression of reactive oxygen species (ROS), HIF-1a, and PDGF-BB [33] , and several studies from our laboratory illustrate the additive effect of HIV-proteins and illicit drugs in regards to endothelial injury, likely explaining the increased prevalence of HIV-PAH in infected individuals who are illicit drug users [32] [33] [34] .
We reported enhanced pulmonary arteriopathy in lungs of HIV-infected and IVDUs who were mainly cocaine and/or opioid abusers when compared with lung sections from HIV-infected nondrug users or uninfected IVDUs, therefore suggesting the combined effects of HIV-1 and illicit drugs in potentiating pulmonary vascular remodeling. This correlated with enhanced endothelial injury as suggested by the downregulated expression of endothelial tight junction proteins in HIV and IVDU lung tissues [34] . Additionally, in-vitro findings suggest the involvement of oxidative stress mediated activation of the Ras/ Raf/Erk1/2 pathway in the augmented disassembly of tight junction protein-1 and endothelial dysfunction in HIV-Tat and cocaine treated human pulmonary microvascular endothelial cells (HPMEC) [30] .
One pathobiological concept is that the trigger of initial endothelial apoptosis is followed by a proliferation of apoptosis-resistant endothelial cells that results in the formation of complex plexiform and obliterated angioproliferative lesions linked to a severe form of PAH [119, 120] . While both HIV-protein Tat and opioids such as morphine are known to promote pro-apoptotic and pro-survival signals in endothelial cells [121] [122] [123] , we demonstrated a significant potentiation of HIV-proteinmediated initial apoptosis and subsequent proliferation of pulmonary endothelial cells after treatment with HIVproteins: Tat, Nef, and gp120 in the presence of morphine compared with monotreatments [32] . Not just morphine but exposure of HPMECs to cocaine or methamphetamine also potentiated HIV-viral protein Tat (HIV-Tat) mediated early apoptosis followed by proliferation of cells [32] (Fig. 1) . Similar results were observed in the lung sections from SIV-infected macaques exposed chronically to morphine [32] : there were increased numbers of apoptotic and proliferative endothelial cells in the distal and proximal pulmonary arteries with medial hypertrophy and neointimal lesions, as well as the presence of proliferative endothelial cells within fully occluded vessels [32] .
This switch of endothelial cells from an early apoptotic phase to the subsequent proliferative phase was speculated to be due to enhanced autophagy in response to chronic stress of HIV infection and illicit drug use [27] . We reported a significant increase in the expression of autophagy markers as well as an increase in the number of autophagosomes/autolysosomes on simultaneous exposure of viral proteins and morphine/opioids in cultured HPMECs and in the endothelial cells lining the remodeled vessels or within angio-proliferative advanced lesions of SIV-infected macaques and HIV-infected individuals. Using an autophagy gene knockdown/over expression approach, as well as autophagy inhibitors/ stimulators, our findings demonstrate autophagy mediated enhanced proliferation of pulmonary endothelial cells on exposure to Tat and morphine. We suggest that, although the synergistic increase in ROS generation during early treatments of viral proteins and opioids induce simultaneous increase in autophagy and apoptosis, continuous activation of controlled autophagy in response to chronic stress of viral proteins and illicit drugs prevent further accumulation of cytotoxic levels of ROS by removal of damaged organelles, therefore promoting pro-survival conditions (Fig. 1) .
Smooth muscle cell dysfunction and remodeling Pulmonary SMCs are the primary cell-type that undergo hyperplasia in PAH development and they are one of the two most studied cell types in the attempt to delineate the mechanism(s) responsible for PAH. In relation to HIV-PAH and IVDU, our group has extensively reported molecular malfunctions in SMCs leading to increased proliferation of pulmonary arterial smooth muscle cells (PASMCs) [28, 29, 31, 34] (Fig. 2) . The salient finding in all our reports is the synergistic or additive enhancement of damage, either seen in the form of molecular or phenotypic changes in HIV-protein(s) and cocaine exposed PASMCs. In the first related finding, we reported that HIV-Tat and cocaine additively increase human pulmonary arterial smooth muscle cell (HPASMC) proliferation compared to either HIV-Tat or cocaine alone [34] . Later, we also reported an additive increase in the proliferation of HPASMCs after simultaneous treatment with HIV-Tat and morphine compared to monotreatments [32] .
Humbert et al. [124] found an increase in PDGF-AA expression in HIV-PAH patients but not in HIV patients without PAH, strengthening the role of this growth factor in the PAH pathogenesis. Likewise, we reported a significant increase in the expression of PDGF-BB within and around the remodeled vessels of HIV-infected IVDU lungs. However, although we observed an increase in the levels of PDGF-BB in Tat treated HPMECs and HIVinfected monocyte derived macrophages after exposure to cocaine, we observed no further increase in the levels of PDGF-BB in Tat treated HPASMCs on exposure to the second hit of cocaine [34] . However, knockdown of PDGF receptor b (PDGFRb) significantly reduced HIVTat and cocaine mediated HPASMC proliferation, thus suggesting its important role in HIV-PAH pathogenesis [34] . More importantly we discovered ROS triggered Src mediated ligand independent activation of PDGFRb in Tat and cocaine treated HPASMCs [29] underscoring the importance of alternate pathways as therapeutic targets in addition to inhibition of ligand-dependent PDGFR that has not been promising in the clinical setting so far [29] .
The importance of both proliferative and antiproliferative arms of transforming growth factor-b (TGF-b) superfamily signaling in SMC hyperplasia has been recognized [125] [126] [127] . Not only mutations [128, 129] , but also the reduced expression of antiproliferative bone morphogenetic protein receptor (BMPR)-2 predisposes vascular SMCs to hyperproliferation [31] . Likewise, exposure of SMCs to HIV-proteins: Tat, Nef, or gp120 in the presence of cocaine results in an additive reduction in the protein levels of BMPR-2, 1A and 1B leading to SMC hyperplasia [31] . Interestingly, this was accompanied by the significant increase in the mRNA expression of BMPRs. These findings highlight the importance of ubiquitination dependent degradation of BMPRs [130] or posttranscriptional regulation of BMPR expression by miRNAs [131] . Significant increase in the levels of miRNAs known to target BMPR-2 expression such as miR-19a, 20a, 21, 130a, and miR301 has been observed after combined treatment of HPASMCs with HIV-Tat and cocaine when compared with mono-treatments [131] . Furthermore, a novel miR-216a, which was significantly up-regulated after HIV-Tat and cocaine treatment, was found to directly bind to the 3 0 UTR of BMPR-2 and inhibit translation without the degradation of BMPR-2 mRNA [131] .
Concomitant with this impaired BMPR signaling, exacerbated activation of the proliferative TGFbR axis has been observed in HPASMCs on dual treatment with HIV-Tat and cocaine. In fact, both SMAD2/3 dependent and TGFb-activated kinase 1 (TAK1) mediated, SMADindependent downstream signaling cascades were noted to be activated and to contribute to the hyperproliferation of HPASMCs on the dual hit of Tat and cocaine. The TAK1 that is known to compete between BMP and TGF-b signaling was observed to complex more with TGFbR-2 due to the loss of BMPR levels in response to cocaine and HIV-Tat treatment, leading to the activation of the pro-proliferative TAK-mitogen activated protein kinase kinase 4 (MKK4)-c Jun N-terminal kinase (JNK) axis [132] . Apart from cross-talk between BMPR and TGFbR signaling, PDGF has been reported to inhibit the expression of SMAD proteins in vascular SMCs [133] .
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Tenascin-C (TN-C), an important component of the altered extracellular matrix is known to play a pathological role in PAH [135, 136] . TN-C has been observed to be highly upregulated in the remodeled hypertensive pulmonary arteries [135, 137] and is implicated in potentiation of proliferation and migration of vascular SMCs [138] . Likewise, we also found increased expression of TN-C in lungs from HIVinfected IVDUs compared to HIV-infected nondrug abusers or uninfected IVDUs (Fig. 3a and b) . As shown in Figure 3c , immunostaining for TN-C resulted in positive staining throughout the lung parenchyma in all the groups; however, this staining pattern was more pronounced in the SMC layer of large and small vessels with medial hypertrophy and in the neointima lesions of individuals from HIVþIVDU group, whereas the SMCs within the vascular lesions from the IVDU group showed identical or less expression of TN-C as in the lung parenchyma. In addition, treatment of HPASMCs with both cocaine and Tat resulted in an increased expression of TN-C (Fig. 3d-f) . Given that TN-C is known to promote proliferation of SMCs [139] via modulating the activity of tyrosine kinase receptors [137, 140] including PDGFR [141] and is highly induced specifically in cultured SMCs from PAH patients with BMPR2 mutations [142] , underscores the importance of an interplay between BMPR antiproliferative and PDGFR proliferative signaling in illicit drugs and viral proteins mediated hyperproliferation of pulmonary SMCs.
Inflammation and remodeling
Inflammation is not only gaining wide attention for its significance in the development of PAH, but also as a therapeutic target. Humbert et al. [143] and recently Groth et al. [144] reviewed the role of inflammation in PAH. While Brock et al. [145] and Parikh et al. [146] reported higher serum interleukin-6 levels, Damas et al. Ã P < 0.05, ÃÃ P < 0.01 vs. control/ normal, # P < 0.05 vs. cocaine/IVDU, $$ P < 0.01, $$$ P < 0.001 vs. Tat.
[147] reported higher levels of interleukin-8 and MCP-1 in PAH patients [147] . These reports are consistent with our findings regarding a trend in upregulation of MCP-1 and interleukin-8 in the plasma of SIV-infected morphine-treated macaques demonstrating severe pulmonary arteriopathy [32] . Multiple investigators have reported interstitial infiltration of immune cells within the intima and medial thickening of blood vessels as well as within plexiform lesions in PAH patients [148, 149] . Similarly, significant perivascular inflammation has been observed around the severely remodeled vessels and fully obliterated vessels in SIV-infected macaques exposed to chronic morphine [32] and in the remodeled thickened vessels of HIV-infected opioid and/or cocaine users [34] . Furthermore, the Sprague-Dawley strain of HIV-Tg rats demonstrated significant medial hypertrophy and RVH without any second hit [33] , whereas Fischer HIV-Tg rats demonstrated significant changes in hemodynamics and pulmonary vascular remodeling only after exposure to the second hit of cocaine [28] . These differences between strains corresponded to the differences in viral protein positive perivascular inflammatory cells around remodeled vessels, with more inflammation observed in Sprague-Dawley rats. Additionally, exaggerated proliferation of pulmonary SMCs after exposure to extracellular vesicles secreted by HIV-infected and cocaine treated macrophages [150, 151] suggests the role of extracellular vesicles as important communicators between infected inflammatory cells and not infectable pulmonary vascular cells. These extracellular vesicles were found to carry higher levels of miR130a in their cargo that when delivered to the recipient SMCs were found to augment the proliferation by inhibiting PTEN expression, consequently stimulating the PI3K/AKT proliferative signaling pathway (Fig. 2 ) [151] . Interestingly, the miR130/301 family has consistently been implicated in the pathogenesis of PAH [152] [153] [154] .
Therapeutic strategies for HIV-pulmonary arterial hypertension
To date, few PAH therapeutic clinical trials composed of only or predominately HIV-PAH patients exist [155] . Because of this, no specific treatment recommendations for HIV-PAH have been outlined and current PAH management guidelines advise clinicians to follow IPAH therapeutic algorithms, in combination with HAART, for treatment of HIV-PAH [156] . In addition, HIV-PAH patient care should be managed by a clinician with experience of caring for this population and must consider significant drug-drug interactions that exist between antiretroviral agents and PAH therapeutics [155] . Currently, four major drug classes are approved for IPAH treatment: prostanoids, endothelin receptor antagonist (ERA) phosphodiesterase type-5 (PDE5) inhibitors, and the most recently available, soluble guanylate cyclase (sGC) stimulators that act as vasodilators, reduce pulmonary vascular SMC proliferation and exhibit antithrombotic and immune function modulation effects [157, 158] . These drug regimens can be effectively tried for HIV-PAH as vasoactive mediators like endothelin-1 (ET-1) [159] , prostacyclin (PGI 2 ) and nitric oxide are highly expressed in this condition as well. Studies evaluating specific therapy with prostanoids drugs, epoprostenol (intravenous), treprostinil (subcutaneous) [160] , iloprost (inhaled) [67] , and beraprost sodium (oral) [161] show potential improvement in 6MWD, hemodynamic pressures, and overall PAH symptoms in HIV-PAH patients. Although the ALPHABET study [161] showed increased 6MWD in PAH patients taking beraprost, follow-up after long-term use did not show preservation of the 6MWD improvement [162] . Furthermore, HIV-PAH patients coinfected with HBV, HCV and HBV/ HCV did not demonstrate improvement in NYHA functional classifications on treatment with beraprost [163] . In addition, epoprostenol requires central venous catheter placement for drug administration and longterm use for HIV-PAH presents concern for infection in an already immunocompromised population [164] . Other than these, there are other classes of drugs that are being tried for PAH such as calcium channel blockers (CCBs) or serotonin receptor inhibitors that inhibit vasoconstriction and smooth cell proliferation [158] . A study by Montani et al. [165] reported that only 1.6% of HIV-PAH individuals in their study responded to acute vasodilation testing, a prerequisite for CCB treatment response in PAH [165] . Unlike in patients with severe IPAH, lung transplantation is not advised for HIV-PAH treatment, and guidelines recommend against anticoagulation therapy in those with increased bleeding risk and potential drug interactions, as well as track record of poor follow-up [166] .
In order to develop better and effective therapies for HIV-PAH, it is important to better understand and target novel molecular mechanisms behind endothelial cell dysfunction, SMC proliferation, inflammation and role of immune cells in the pathogenesis of PAH [167] . Consistent efforts have been made to develop new therapeutics against PAH by targeting proliferative signaling mechanisms, growth factors, cytokines, interleukins and extracellular matrix proteins that are known to promote vascular remodeling [157, 167, 168] . These therapies, if successful, may also be helpful in managing HIV-PAH as mechanisms such as high PDGF expression [34] , BMPR2/SMAD/TGF-b modulation [28, 31, 132] , ECM remodeling and inflammation [32] have been reported in HIV-PAH including in response to drugs of abuse. Furthermore, recent studies have elucidated the protective role of endothelial progenitor cells and mesenchymal stem cells (MSCs) [169] [170] [171] [172] as well as extracellular vesicles/exosomes [173, 174] derived from MSCs in lung inflammation, vascular remodeling and PAH [170, 172, 175, 176] . Modulation of small noncoding miRNAs during the development of PAH including HIV-PAH further creates an opportunity to implement miR-based therapies [151, 167, 168, 174, 177] . Other than these, illicit drugs such as cocaine and methamphetamine are known to bind a-adrenergic [178, 179] and sigma receptors [180, 181] to stimulate release of vasoconstrictors and mitogens such as PDGF, VEGF, ET-1, and interleukins [182, 183] . Developing therapeutic targets against these receptors [180, 181, 184] can be another promising approach to manage HIV-PAH in IVDUs.
Considering that HIV-PAH is worse in survival than other forms of PAH, additional investigations are required to test the efficacy and therapeutic potential not only against known, but also new and innovative targets involved in the development of HIV-PAH for appropriate management of this complex multifactorial disease.
Conclusion
In conclusion, the evidence in support of a potentiation of a pulmonary arteriopathy and PAH in HIV-infected individuals in the presence of a 'second hit' of illicit drugs is abundant. It is clearly established that viral proteins and drugs of abuse mediate hyper-proliferation of endothelial cells and SMCs along with inflammation, therefore contributing to the excessive pulmonary vascular remodeling. Given that the mortality is excessive in HIV-PAH characterized by a minimal improvement in the hemodynamics in response to currently available therapies compared to patients with other forms of PAH [12, 14, 185] , an in-depth understanding of the mechanisms involved and an identification of new specific targets that can be affected with minimal side effects are critical. The role of antiretroviral drugs in pulmonary vascular diseases remains controversial including reports indicating the development of PAH with the use of HAART [2] . Future studies are surely needed. In addition, multiple reports regarding HIV-related COPD have been published [10, [81] [82] [83] and suggest PH as a potential complication of COPD in HIV-infected individuals [13, 40] contributing significantly to the mortality associated with the disease [186] [187] [188] [189] [190] [191] . In light of these findings and a recent report highlighting the association of a mild increase in mPAP (between 17 and 26 mmHg) with poor survival [192] and opioid epidemic on the rise, careful investigation of the potential link between pulmonary vascular dysfunction and HIVassociated comorbidities in the context of substance abuse is warranted.
